We present a theoretical investigation of Λ(1520) attenuation in γA reactions near the threshold. It is performed in the framework of a collision model based on the nuclear spectral function. The model accounts for both primary photon-nucleon γN → KΛ(1520) and secondary pion-nucleon πN → KΛ(1520) production processes. We calculate the target mass and momentum dependences of the forward Λ(1520) hyperon production from nuclei at photon energy of 2 GeV as well as for two options for its in-medium width. We find that the considered dependences are markedly sensitive to this width. Our studies also demonstrate that the secondary channel πN → KΛ(1520) plays a substantial role in the intermediate momentum Λ(1520) photoproduction on nuclei in the chosen kinematics and, hence, is to be taken into account in the analysis of Λ(1520) hyperon photoproduction from nuclei with the aim to get information on its width in the matter.
Introduction
The study of the modifications of the hadronic spectral functions in nuclear matter is one of the most attractive topics in modern nuclear physics. It has been motivated by the expectation to get valuable information about the change (reduction) of scalar two-quark condensate in the strongly interacting environment. The observation of such change could be interpreted as evidence for the partial restoration of chiral symmetry at finite density. The production of mostly light vector mesons ρ, ω, φ in nuclear reactions with photons [1] [2] [3] [4] [5] [6] [7] [8] [9] and protons [10] [11] [12] as well as in heavy-ion collisions [13] [14] [15] [16] [17] [18] [19] has been studied to look for possible renormalizations of their spectral functions in nuclear medium through the invariant-mass and transparency ratio measurements. The latter ones provide an access to the in-medium meson width, which determines the attenuation of meson flux in nuclei and with it the meson production yield from them. In the low-density approximation, this width can be related to the in-medium meson-nucleon total cross section. A recent overview of theoretical and experimental activities in this field is given in [20] . An almost all experiments reported a substantial in-medium broadening of the ρ, ω, φ spectral functions, whereas the shift of their pole masses in nuclear matter was found only in the KEK experiment [10, 11] . A very recent experimental results on the transparency ratio for the photoproduced η ′ mesons are presented in [21] . They show that the in-medium width of the η ′ is approximately equal to 25 MeV. The another interesting case of resonance medium modification is that of the Λ(1520) hyperon where the hadronic model [22] predicts an increase of the width of low-momentum Λ(1520) hyperons at saturation density by a factor of five compared to its vacuum value (Γ Λ(1520) = 15.6 MeV) due to the medium modifications of theirKN and πΣ decay channels as well as the existence of the Λ(1520) → πΣ(1385) decay mode. This mode is closed in the free space for the nominal masses of the Λ(1520) and Σ(1385), but opens in the nuclear medium when the π is allowed to become a p-h excitation. Whereas the mass shift of the Λ(1520) hyperon in nuclear matter is found to be small (about 2% of its free mass at normal nuclear matter density ρ 0 ). Apart from φ meson [20] , the similar medium effects were predicted very recently for theK * meson [23] . The sizable change in the Λ(1520) (or Λ * ) width in the medium found in [22] could be observed experimentally and in [24] the nuclear transparency ratio for the Λ(1520) has been calculated in photon-and proton-induced reactions. The calculations account for only the relevant elementary one-step Λ(1520) production mechanisms and neglect the Λ(1520) creation in the two-step processes with an intermediate pions.
As was found in [25] , these processes contribute distinctly to the "low-momentum" Λ(1520) creation in near-threshold pA reactions and, hence, they may contribute to the Λ(1520) production in nearthreshold γA interactions and thus distort the transparency ratio of Λ(1520) in these interactions. To gain a better understanding of the possible impact of above two-step processes on the Λ(1520) hyperon yield in γA collisions, the further theoretical studies are needed.
The main aim of the present work is to extend the spectral function approach [25] that has been employed by us for the study of inclusive Λ(1520) production in proton-nucleus reactions to Λ(1520)-producing electromagnetic processes. In this paper, we investigate on the basis of model [25] the A and momentum dependences of the absolute and relative Λ(1520) production cross sections from γA reactions at incident photon energy of 2 GeV by considering respective primary photon-nucleon and secondary pion-nucleon Λ(1520) production processes.
Primary Λ(1520) production processes
A Λ(1520) resonance can be produced directly in the first inelastic γN collision due to the nucleon's Fermi motion. At near-threshold beam energy of 2 GeV of our interest, the following elementary processes which have the lowest free production threshold (≈ 1.69 GeV) mainly contribute:
Using the results given in [25] , we can represent the inclusive cross section for the production on nuclei Λ(1520) hyperons with the momentum p Λ * from the primary photon-induced reaction channels (1), (2) as follows: dσ
where
and
Here, dσ γN →KΛ(1520) ( √ s, M Λ * , p Λ * )/dp Λ * are the off-shell differential cross sections for Λ(1520) production in reactions (1) and (2) at the γN center-of-mass energy √ s; σ tot γN is the total cross section of free γN interaction (σ tot γN = 0.15 mb for photon energy of 2 GeV [26] ); p γ and E γ are the momentum and total energy of the initial photon, and the definition of other quantities, entering into (3)- (8) , is given in [25] .
Following ref. [25] , we assume that the off-shell differential cross sections dσ γN →KΛ(1520) ( √ s, M Λ * , p Λ * )/dp Λ * for Λ(1520) production in the reactions (1), (2), entering into eqs. (3), (6) , are equivalent to the respective on-shell cross sections calculated for the off-shell kinematics of the elementary processes (1), (2) . Taking into consideration the two-body kinematics of these processes, we can readily get the following expressions for the former ones:
λ(x, y, z) =
Here, dσ γN →KΛ(1520) ( √ s, θ * Λ * )/dΩ * Λ * are the off-shell differential cross sections for the production of a Λ(1520) hyperon under the polar angle θ * Λ * in the γN c.m.s.; E Λ * is its total energy (E Λ * = p 2 Λ * + M 2 Λ * ) in l.s. and m K is the bare kaon mass. The recent detailed experimental information from SAPHIR Collaboration concerning the differential cross section of the γp → K + Λ(1520) reaction in the photon energy range 1.69 GeV < E γ < 2.65 GeV can be fitted as [27] 1 : 
Here, t is the squared four-momentum transfer between the incident photon and the outgoing K + meson, t + is its maximal value which corresponds to the t where the K + is produced at angle θ * K = 0
• in γp c.m.s. The differential cross section dσ γp→K + Λ(1520) /dt is measured in µb/GeV 2 . In order to evaluate the invariant t it is more convenient to put ourselves in the γp c.m.s. Then, it can be expressed through the energies and momenta of the K + meson and the initial photon, E * K , p * K and E * γ , p * γ , in this system in the following way:
If the struck target proton is on-shell, then in (16)
p (m p is the bare proton mass). Otherwise, this quantity should be calculated in line with eq. (8) .
Using the relation (14) , one finds that the quantity |t − t + |, entering into eq. (13), reduces to a form:
The Λ(1520) hyperon production angle θ * Λ * in the γp c.m.s. is defined by:
1 It should be noted that at photon energies below 2.4 GeV the reaction γp → K + Λ(1520) has been recently studied also by the LEPS Collaboration at SPring-8 facility [28] . The data on differential cross section of this reaction obtained in [28] are consistent, as the comparison shows, with the SAPHIR results [27] . As far as the another experimental data on Λ(1520) photoproduction on the proton is concerned, there are only two old published results at higher energies of E γ =2.8-4.8 GeV [29] and E γ = 11 GeV [30] as well as new preliminary data in the photon energy range of E γ =1.75-5.5 GeV from the CLAS Collaboration [31] . The reaction γp → K + Λ(1520) with linearly polarized photon beams has been very recently studied again by the LEPS Collaboration at energies from the threshold to 2.4 GeV [32] .
Writting the invariant u-the squared four-momentum transfer between the incident photon and the secondary Λ(1520) hyperon-in the l.s. and in the γp c.m.s. and equating the results, we readily obtain:
In the above, θ Λ * is the angle between the momenta p γ and p Λ * in the l.s. frame. Differentiation the t with respect to cos θ * K permits us to get the following relation between the differential cross section dσ γp→K + Λ(1520) ( √ s, θ * Λ * )/dΩ * Λ * for Λ(1520) production in reaction (1), entering into eq. (9), and the cross section dσ γp→K + Λ(1520) ( √ s, θ * K )/dt, parametrized by eq. (13):
where θ *
When the reaction γp → K + Λ(1520) goes on an off-shell target proton, then instead of the incident photon energy E γ , appearing in the eq. (13), we should use the effective energy E eff γ . It can be expressed in terms of collision energy squared s, defined by eq. (7), as follows:
For obtaining the differential cross section (2) at the near-threshold energies, we have assumed in line with the preliminary experimental results of ref. [31] that there is the isospin symmetry in the Λ(1520) hyperon photoproduction from the nucleon:
However, in the literature there is [33] an another option to choose this cross section. Thus, the authors of [33] , using the effective Lagrangian method, have obtained that the total and differential cross sections of the γn → K 0 Λ(1520) reaction are much smaller than those of the γp → K + Λ(1520) process 2 in the energy region E γ ≤ 3 GeV 3 . Therefore, to see the sensitivity of A dependence of the relative Λ(1520) production cross sections in photon-nucleus collisions of our main interest to the cross section for its creation on neutron target, we will also ignore the latter one in our calculations.
It is of further interest to get the feeling about the dependence of the maximal t + and minimal t − values of t 4 for the γp → K + Λ(1520) reaction when it takes place on a free target proton. Using (14)- (16), one easily gets:
2 It should be pointed out that this process has been theoretically studied also in the works [34] [35] [36] [37] [38] . 3 Which is in line with the experimental findings of [28] , where a strong suppression of the Λ(1520) production from neutrons compared to that from protons was observed at forward Λ(1520) angles in c.m.s. of photon and target nucleon. 4 The t − value of t is its magnitude at θ *
, and t ± are:
Employing the formula (24), we can obtain that at E γ = 2 GeV of interest as well as in the case when the free target proton is at rest t + = −0.21 GeV 2 , t − = −1.38 GeV 2 and t
2 , we have:
It is seen that with increasing energy t + approaches to zero and t − tends to −∞. For the total Λ(1520) in-medium width, Γ tot , appearing in (5) and used in the subsequent calculations of Λ(1520) resonance attenuation in γA interactions, we will adopt in the same manner as in [25] two different scenarios: i) no in-medium effects and, correspondingly, the scenario with the free Λ(1520) width 5 ; ii) the sum of the free Λ(1520) width and its collisional width of the type [22] 55(ρ N /ρ 0 ) MeV, where ρ N is the local nucleon density inside the nucleus. As before in [25] , we neglect the momentum dependence of the in-medium Λ(1520) width Γ tot , found in [22] , in our calculations. This enables us to obtain an upper estimate of the strength of the respective double differential cross sections and has an insignificant influence on the observables like the A dependence of the ratio between the Λ(1520) production cross section in heavy nucleus and a light one (see below).
Consider now the two-step Λ(1520) production mechanism.
3. Secondary Λ(1520) production process At initial energy of 2 GeV of our interest the following two-step Λ(1520) production process with an intermediate pion may contribute to the Λ(1520) creation in γA collisions:
At photon energies E γ ∼ 2 GeV the total cross section of the two-body channel γN → πN is significantly less than that of the process (28) [39, 40] and, therefore, we ignored it in our calculations. At these energies the four-body channel γN → 3πN is expected to play also a minor role in the Λ(1520) production in γA interactions since, on the one hand, its total cross section is less than that of the reaction (28) by a factor of about 2.5 [40] and, on the other hand, the pions are produced in it with momenta at which the secondary subprocess (29) , opening at the free threshold momentum of 1.68 GeV/c, is energetically suppressed. Thus, for example, our calculations show that at E γ = 2 GeV the maximum allowable momentum of π in the channel γN → 3πN occuring on a free target nucleon being at rest is equal to 1.68 GeV/c. Which means that the pion momenta accessible in this channel are subthreshold momenta for the Λ(1520) secondary production process (29) .
Using the results given in [25] , we get the following expression for the Λ(1520) production cross section for γA reactions at small laboratory angles of interest from the channel (29) :
Here, dσ γN →π ′ X ( √ s, p π )/dp π are the inclusive differential cross sections for pion production from the primary photon-induced reaction channel (28) , and the definition of other quantities in (30)- (36) is identical to that in [25] . It should be noted that a distortion of the intermediate pion is described in eq. (31) by the exponential factor in which the total but not inelastic πN cross section is used. This is due to the following. At beam energy of 2 GeV of interest the maximum allowable momentum of a pion in the process γN → 2πN taking place on a free resting nucleon amounts to 1.85 GeV/c. This momentum is close to the threshold momentum of the channel πN → KΛ(1520). Therefore, quasielastic πN scatterings, hindered by Pauli blocking, will essentially suppress the pion ability to produce the Λ(1520). This means that there is an additional-to that caused by inelastic πN interactions-loss of pion flux with respect to the Λ(1520) production due to these scatterings and its overall distortion should be described by the total πN cross section. For the relevant high energy pion, we can neglect its distortion due to its absorption by two nucleons.
In
In order to introduce this effect in our calculations, we have modified the nuclear spectral function according to [41] :
where θ(x) stands for the step function, p N is the momentum of the final-state nucleon andp F is the average Fermi momentum of the nucleus defined as [42] 
Here, < ρ N > is the average nucleon density. For < ρ N >= ρ 0 /2 [43] and ρ 0 = 0.16 fm −3 , eq. (39) leads top F = 210 MeV/c 6 . We will use this magnitude throughout our calculations. The inclusion of Pauli blocking for final-state nucleon results in a suppression of pion yields at high laboratory pion momenta, which in turn tends, as we shall see later, to the quenching of the cross sections for Λ(1520) production from secondary channel πN → KΛ(1520) in the region of high Λ(1520) momenta and practically unaffects these cross sections at their "low" and intermediate momenta.
Finally, using the results given in [44] as well as accounting for that the total cross sections for the reactions γn → π + π − n and γn → π − π 0 p are very similar, respectively, to those of the processes γp → π + π − p and γp → π + π 0 n [40, 45] , one has:
6 It is interesting to note that this value ofp F is close to that ofp F = 225 MeV/c, obtained in [41] for a carbon target using the definition ofp F in the formp
Here, σ γp→π + π − p ( √ s) and σ γp→π + π 0 n ( √ s) are the free total cross sections of the reactions γp → π + π − p and γp → π + π 0 n calculated at the "off-shell" collision energy √ s, m π is the rest pion mass and F block is the Pauli blocking factor, which is given by:.
In our calculations of the cross sections for Λ(1520) production from secondary channel (29) in γA interactions we have neglected the contribution to this production from elementary process γN → 2π 0 N, since its cross section is expected to be low [40, 46] at photon energy of our interest. For the free total cross sections σ γp→π + π − p and σ γp→π + π 0 n , entering into eqs. (40)- (42), we used the following fits of the available [40, 47] experimental and theoretical information on them in energy region 1 GeV < E γ < 4 GeV:
in which in our case the initial photon energy E γ should be expressed via the collision energy √ s through the use of eq. (22) . The elementary Λ(1520) production reactions π
1520) have been included in our calculations of the Λ(1520) production on nuclei. The differential cross sections of these reactions were completely taken from [25] . Now, we discuss the results of our calculations for Λ(1520) production in γA interactions within the model outlined above.
Results
Let us take up first the absolute cross sections for Λ(1520) production in γA (A = 12 C, 63 Cu, and 197 Au) collisions calculated for E γ = 2 GeV and for the laboratory Λ(1520) production angle of 0
• . The cross sections obtained using the free Λ(1520) width for the total Λ(1520) in-medium width are shown in figure 1 , and the ones calculated for the modified Λ(1520) width in the medium are given in figure 2 . A close look at these figures will show that the one-step Λ(1520) production mechanism plays the dominant role at Λ(1520) momenta ≤ 0.8 GeV/c and ≥ 1.2 GeV/c for all considered target nuclei as well as for both adopted scenarios for the Λ(1520) in-medium width and for the Λ(1520) photoproduction on the neutron, whereas at intermediate Λ(1520) momenta 0.8 GeV/c ≤ p Λ(1520) ≤ 1.2 GeV/c its dominance is less pronounced when the isospin symmetry for the Λ(1520) photoproduction from nucleon is assumed to be. In the case when the Λ(1520) photoproduction takes place only on the proton target in the primary process γp → K + Λ(1520), the contributions from the one-step and two-step Λ(1520) creation mechanisms are comparable here. This means (1520) momentum. The dotted and dash-dotted lines are calculations for the one-step Λ(1520) creation mechanism assuming, respectively, the isospin symmetry for the Λ(1520) hyperon photoproduction from nucleon and its photoproduction only on the proton target in the process γp → K + Λ(1520). The dashed and two dot-dashed lines are calculations for the two-step Λ(1520) production mechanism, respectively, with and without Pauli-blocking correction for the final-state nucleon in the process γN → 2πN. The solid line is the sum of the dotted and dashed lines. The loss of Λ(1520) hyperons in nuclear matter was determined by their free width. that the channel πN → KΛ(1520) has to be taken into consideration on close examination of the A dependence of the relative Λ(1520) hyperon production cross section in photon-nucleus reactions at energies just above threshold with the aim of extracting of the information on the Λ(1520) width in nuclear medium. Comparing the results of our full calculations (the sum of contributions both from primary and from secondary Λ(1520) production processes) presented in figures 1 and 2 by solid lines, we see yet that for given target nucleus there is clear difference between the results obtained by using different Λ(1520) in-medium widths under consideration. We may see, for example, that for the considered 12 C, 63 Cu and 197 Au nuclei the cross section in the momentum range ∼ 1.2-1.6 GeV/c (where it is the greatest) when calculated with the increased Λ(1520) width in the medium is reduced, respectively, by a factors of about 1.4, 1.8 and 2.3 compared to that obtained in the case when the loss of Λ(1520) hyperons in nuclear matter was determined by their free width. The inclusion of Pauli blocking for final nucleon participating in the process γN → 2πN, as may be seen from figure 1, while leaving unaffected the Λ(1520) production cross section from secondary channel πN → KΛ(1520) at momenta ≤ 1.4 GeV/c, leads to an appreciable quenching of this cross section in the region of higher Λ(1520) momenta. We will account for this Pauli blocking throughout our calculations.
An
197 Au there are indeed experimentally observed changes in these cross sections due to the modified in the medium Λ(1520) width. Now that we have presented the absolute Λ(1520) production cross sections from γA reactions, we need to focus upon the following relative observable-the ratio R(
• ) is the double differential cross section for the production of Λ(1520) hyperons with momentum p Λ * at a lab angle of 0
• in these reactions. Along with analogous ratio in pA collisions [25] , it can be considered also as a measure for the Λ(1520) width in nuclear matter in γA interactions. Figure 4 shows the A dependence of the above ratio calculated for 27 Al, 63 Cu, 108 Ag, 197 Au, 238 U target nuclei for the one-step and one-plus two-step Λ(1520) creation mechanisms (corresponding lines with symbols 'prim' and 'prim+sec', 'prim1+sec' by them 7 ) at E γ = 2 GeV as well as for the Λ(1520) momenta of 0.8 GeV/c, 1.5 GeV/c and for two adopted options for the Λ(1520) in-medium width. It is seen from this figure that there are a measurable changes in the considered ratio of the order of 20% and 60%, respectively, for middle and heavy target nuclei due to the modified Λ(1520) in-medium width (compare respective dotted and solid lines in figure 4) . The secondary production process πN → KΛ(1520) influences insignificantly the ratio at Λ(1520) momentum of 1.5 GeV/c and has a strong effect on it at Λ(1520) momentum of 0.8 GeV/c (cf. figures 1 and 2). At this momentum for heavy nuclei like Au, U the calculated ratio R( A X)/R( 12 C) can be of the order of 0.35 for the direct (prim) Λ(1520) production mechanism and 0.27 for the direct plus two-step (prim+sec) Λ(1520) creation mechanisms for the modified Λ(1520) width in nuclear matter. It is seen yet that the difference between the calculations with adopting the two considered scenarios for the Λ(1520) photoproduction on the neutron (between solid lines with symbols 'prim+sec' and 'prim1+sec' in figure 4 ) is of the order of 10% and 30% for middle and heavy target nuclei, respectively, for both chosen Lambda momenta. This means that, although it is less by half than that between the results obtained by using two different options for the Λ(1520) in-medium width, to put more strong constraints on this width from the observation of the A dependence like that just considered, one needs at first to get the definite experimental information on the Λ(1520) photoproduction on the neutron target. It is interesting to note that, even though the secondary channel πN → KΛ(1520) contributes more largely to the absolute Λ(1520) creation cross section in heavier nuclei than in light ones, its inclusion leads to the reduction of the transparency ratio of interest compared to that obtained by considering only primary photon-nucleon Λ(1520) production processes. This is due to the fact that in the chosen kinematics the two-step to one-step Λ(1520) production cross section ratio for γC reactions is greater than that for γA interactions. As figure 2 shows and due to the kinematics, the main contribution to the nuclear total Λ(1520) production cross section from direct mechanism comes from the Λ(1520) momenta around momentum of 1.5 GeV/c and from small Λ(1520) production angles. Therefore, the ratio R(
) calculated for the primary process γp → K + Λ(1520) at momentum of 1.5 GeV/c and for the employed momentum-independent Λ(1520) in-medium width can be compared to a first approximation with the corresponding ratio of the nuclear cross sections obtained in [24] also at photon energy of 2 GeV and for the nominal Λ(1520) momentum-dependent in-medium width (with the solid line in the left panel of figure 4 in [24] ). This comparison is shown in figure 5 . By looking at this figure, we see that for targets heavier than the Al target the difference between the two model calculations is insignificant (within a 5%), which means that the momentum dependence of the Λ(1520) in-medium width adopted in [24] has a weak effect on the relative observable under consideration. To see the sensitivity of the ratio R( A X)/R( 12 C) of interest to the Λ(1520) momentum, in figure  6 we show together the results of our overall calculations for this ratio, given before separately in figure 4 . One can see that the differences between the calculations for the same Λ(1520) width (between two dotted and between two solid lines) are significant, which means that this relative observable depends strongly on the Λ(1520) momentum in the momentum region 0.8 GeV/c ≤ p Λ(1520) ≤ 1.5 GeV/c, where the cross section for Λ(1520) production is sufficiently large. This finding is in line with that of figure 7 , where the detailed momentum dependence of the considered ratio R( A X)/R( 12 C) for A =Cu and Au in the studied momentum region is shown. It is clearly seen that for both target nuclei this ratio increases with Λ(1520) momentum in the range of 0.9-1.5 GeV/c. At larger momenta it demonstrates more complicated behavior. The measurement of such dependence should, in particular, reflect the fact that the Λ(1520) width in the medium is momentum independent. Comparing the presented in figures 6 and 7 results, we may see that the momentum dependence of the ratio R( A X)/R( 12 C) under consideration is appreciably sensitive also to the Λ(1520) in-medium width.
Taking into account the above considerations, we come to the conclusion that the A and momentum dependences of the absolute and relative cross sections for Λ(1520) production in γA reactions can be useful to help determine the Λ(1520) width in cold nuclear matter. Extracting this width from such dependences requires comparison with model calculations, in which it is necessary to account for the secondary pion-induced Λ(1520) production processes.
